OBJECTIVE: To quantify cerebrovascular autoregulation as a function of gestational age (GA) and across the phases of the cardiac cycle. STUDY DESIGN: The present study is a hypothesis-generating re-analysis of previously published data. Premature infants (n = 179) with a GA range of 23 to 33 weeks were monitored with umbilical artery catheters and transcranial Doppler insonation of the middle cerebral artery for 1-h sessions over the first week of life. Autoregulation was quantified by three methods, as a moving correlation coefficient between: (1) systolic arterial blood pressure (ABP) and systolic cerebral blood flow (CBF) velocity (Sx); (2) mean ABP and mean CBF velocity (Mx); and (3) diastolic ABP and diastolic CBF velocity (Dx). Comparisons of individual and cohort cerebrovascular pressure autoregulation were made across GA for each aspect of the cardiac cycle. RESULTS: Systolic, mean and diastolic ABP increased with GA (r = 0.3, 0.4 and 0.4; Po 0.0001). Systolic CBF velocity was pressure-passive in infants with the lowest GA, and Sx decreased with advancing GA (r = − 0.3; P o0.001), indicating increased capacity for cerebral autoregulation during systole during development. By contrast, Dx was elevated, indicating dysautoregulation, in all subjects and showed minimal change with advancing GA (r = − 0.06; P = 0.05). Multivariate analysis confirmed that both GA (P o0.001) and 'effective cerebral perfusion pressure' (ABP minus critical closing pressure (CrCP); Po 0.01) were associated with Sx. CONCLUSION: Premature infants have low and usually pressure-passive diastolic CBF velocity. By contrast, the regulation of systolic CBF velocity by pressure autoregulation developed in this cohort between 23 and 33 weeks GA. Elevated effective cerebral perfusion pressure derived from the CrCP was associated with dysautoregulation.
INTRODUCTION
The association between long-term neurodevelopmental impairment and prematurity are linked by hemodynamic disturbance and its treatment; hemorrhagic, hypoxic and ischemic neonatal brain injury; disturbances of arterial blood gases; ventilator asynchrony; and sepsis. [1] [2] [3] All of these variables are considered fundamental aspects of neonatal intensive care management. However, the optimization and standardization of care to promote improved neurodevelopmental outcomes is hindered by an inability to demonstrate clear linearity between a specific care strategy and neurodevelopmental outcome. For example, there is no consensus among neonatologists regarding the proper management of neonatal hypotension based on gestational age (GA) and postnatal age and the definition of hypotension. 4, 5 From animal models, both ischemia and hyperperfusion have been implicated in the etiology of neonatal brain injury. [6] [7] [8] [9] [10] [11] This apparent contradiction has caused a divergence of mechanistic understanding of intraventricular hemorrhage, which is the most common and easily detectable of all neonatal neurologic injuries. Does the fragile vascular bed of the germinal matrix bleed from ischemia followed by reperfusion or from hyperemia driven by excessive arterial blood pressure (ABP)? The mature mammalian brain is protected from fluctuations in ABP by pressure autoregulation, which maintains constant cerebral blood flow (CBF) to the brain across a wide range of ABPs. Pressure autoregulation is mediated by dynamic cerebrovascular tone and resistance, a state termed pressure reactivity. 12 Lack of reactivity of cerebrovascular tone to a change in ABP is termed pressurepassivity, a state in the mature brain that is associated with death and severe neurological morbidity. 13, 14 Although the etiology of intraventricular hemorrhage is multifactorial, disturbances of CBF and cerebral autoregulation have important roles. [15] [16] [17] [18] Pressure-passivity of the cerebral circulation has been observed in premature infants by a variety of methods, a finding inconsistently associated with outcome. [18] [19] [20] [21] [22] Thus the clinical relevance of pressure passivity in the premature infant has mostly been implied from adult data. The mammalian cerebral vasculature develops muscularity at approximately two-thirds gestation, which corresponds to 26 to 27 weeks' gestation in humans, so extremely premature infants may lack the necessary arteriolar tone needed to impart pressure autoregulation. 23, 24 The ontogeny of autoregulation is therefore germane to our interpretation of pressurepassivity in premature infants.
The present study is a hypothesis-generating re-analysis of previously published data. 3, 15, [25] [26] [27] In the previous studies, cerebral autoregulation was found to be influenced by hypercapnia and associated with severe intraventricular hemorrhage.
In addition, changes to cerebral hemodynamics occurred during surfactant administration and tracheal suctioning. In the current study, our purpose was different-to delineate the regulation of CBF across the cardiac cycle and determine the relationship of dysautoregulation to GA. Although autoregulation is classically measured using low-frequency changes in mean ABP, we studied low-frequency changes in systolic, mean and diastolic ABP, separately. We evaluated the capacity for autoregulation across the phases of the cardiac cycle, because we observed low diastolic ABP and diastolic CBF velocity in the cohort during a preliminary quality check of the recordings (Figure 1 ). Low and nearly absent diastolic CBF velocity suggests that CBF in premature infants is likely dependent on systolic ABP and not mean ABP. This observation may be the normal state of CBF for premature infants but has been described in mature subjects only in the presence of profound cerebrovascular pathology. 28, 29 We hypothesized an absence of diastolic CBF velocity autoregulation in premature infants and a graded appearance of systolic CBF velocity autoregulation with advancing GA. We performed a multivariate analysis of factors related to the state of autoregulation in this cohort, including ABP normalized to critical closing pressure (CrCP), 5-min Apgar score, GA, hour of life, vasopressor support and arterial carbon dioxide tension.
METHODS
This report is a re-analysis of previously published, prospectively collected data from infants born from July 2002 to April 2008 to determine the ontogeny of cerebral autoregulation in premature infants. Approval was obtained by the Institutional Review Board at the University of Arkansas for Medical Sciences for the initial study period, and informed consent was obtained before enrollment. The inclusion criteria for the initial studies were infants of very low birth weight (o 1500 g) who received mechanical ventilation and had an umbilical artery catheter in place. Infants were excluded if major congenital anomalies were present.
Physiological data processing
All infants had measurement of ABP with an umbilical artery catheter placed for clinical monitoring. Middle cerebral artery CBF velocity was recorded with transcranial Doppler ultrasound (Nicolet Vascular/Natus Medical Incorporated, San Carlos, CA, USA). Arterial carbon dioxide tension was continuously recorded with a Neotrend-L fiber-optic sensor (Diametrics Medical Ltd, St Paul, MN, USA). Analog data was simultaneously collected using a PowerLab 8 Channel data acquisition system (AD Instruments, Mountain View, CA, USA).
Transcranial Doppler and ABP recordings at 200 Hz were analyzed using the ICM+ software (ICM+, Cambridge Enterprise, Cambridge, UK). Signals were filtered for artifact using valid value ranges and by inspection for the presence of a physiological waveform. Autoregulation was quantified by three methods, as a moving correlation coefficient between: (1) systolic ABP and systolic CBF velocity (Sx); (2) mean ABP and mean CBF velocity (Mx); and (3) diastolic ABP and diastolic CBF velocity (Dx). Of the 1037 subject sessions, 911 had sufficient data after artifact removal to render the Sx, and 688 subject sessions had sufficient data to render a CrCP. Data from 630 subject sessions that had all the variables were included in the final multivariate model. Trends of systolic and diastolic CBF velocity and ABP were made by sequential analysis of low-pass filtered, transformed 10-s segments. The algorithm used by ICM+ detects systolic peaks and diastolic valleys by the Pan-Tompkins method, rendering a single vector for systole and diastole covering the specified (10- At baseline, CBFV is noted to be low and occasionally 0 during diastole for an ABP that is not uncommonly low for the product of 28 weeks' gestation. (b) One minute after a suctioning event, provoking sustained hypertension, CBFV during systole is similar to baseline, indicating intact autoregulation, but the diastolic CBFV is much higher than baseline, indicating impaired autoregulation.
Autoregulation metrics
Sx was trended as the correlation between 30 consecutive samples of synchronous measures of systolic ABP and CBF velocity, updated at 60-s intervals from overlapping 300-s epochs. Both Mx and Dx were similarly trended as the correlation between 30 consecutive samples of synchronous measures of mean ABP and CBF velocity and diastolic ABP and CBF velocity, respectively, and updated at 60-s intervals from overlapping 300-s epochs.
The moving correlation method is patterned after the methods first used in the neurosurgical unit at Cambridge University. 30 The 10-s averages of ABP and CBF velocity measurements remove pulse and respiratory frequency variation from the correlation analysis. ABP oscillations at the respiratory frequency exceed the maximum frequency limit that will provoke a consistent reaction from the cerebral vasculature. 31 Limiting the epoch of correlation analysis to 300 s amplifies the contribution of spontaneous slow wave activity (Lundberg's B waves) known to be relevant to autoregulation and diminishes the contribution of slower confounding drifts of CBF caused by changes in arterial carbon dioxide tension, transfusions and fluid boluses, temperature changes and so on. 32, 33 Thus, although the analysis is performed in the time domain, the filters and sampling epochs render a correlation analysis that is relatively specific to frequencies of ABP changes between 0.003 and 0.05 Hz.
The moving correlation method detects dysautoregulation as a positive correlation coefficient. Intact autoregulation is detected as a negative or nearzero correlation. The Mx has been extensively studied in adult populations, for whom values 40.3 have been associated with poor outcomes. 34 
CrCP
In a developmentally mature population, ABP is a reasonable surrogate for cerebral perfusion pressure. In premature infants, however, this assumption is potentially confounded by a lower ABP relative to CrCP of the cerebral vasculature. CrCP is the threshold ABP at which CBF ceases as ABP is lowered. 35, 36 Conversely, CrCP can be conceptualized as the ABP at which CBF begins as ABP is raised from zero. Thus the effective perfusion pressure of the mammalian brain is ABP − CrCP. 28 CrCP is 40 mm Hg. [37] [38] [39] In the mature brain, CrCP has been reported to be nearly 30 mm Hg, which is above the mean ABP of many infants in this cohort. 36 Thus inter-subject variability of CrCP could have a profound confounding effect on the assumption that mean ABP is a surrogate for cerebral perfusion pressure in premature infants. We normalized ABP to CrCP to render a 'mean closing margin' (effective mean cerebral perfusion pressure = mean ABP − CrCP) and a 'diastolic closing margin' (effective diastolic cerebral perfusion pressure = diastolic ABP − CrCP). 28 CrCP was determined by analyzing transcranial Doppler and ABP recordings. The CrCP equations are derived from a model of cerebrovascular impedance to an alternating CBF at the frequency of the cardiac cycle. The full derivation has been previously published. 40 Values of CrCP are rendered from 20-s epochs and updated in non-overlapping 20-s intervals over each recording session.
Statistics
Subject characteristics including GA, Apgar scores, gender, mode of delivery, exposure to antenatal steroids and multiple gestation pregnancies as well as the use of vasopressor support during each recording session were included in the database. Single, mean values of the study variables and independent variables were recorded for each study session. These included Sx, Mx and Dx; systolic, mean and diastolic ABP; systolic, mean and diastolic CBF velocity; CrCP; mean closing margin; diastolic closing margin; mean arterial carbon dioxide tension, maximum arterial carbon dioxide tension and carbon dioxide fluctuation (maximumminimum arterial carbon dioxide tension) during the recording session.
Univariate analyses of CBF velocity and autoregulation were performed against GA, reported as regression and Pearson correlation coefficients (Table 1) . This was done with respect to the cardiac cycle, analyzing systole, mean and diastole values separately. From this preliminary analysis, Sx was determined to have the most robust relationship with GA and was used as the primary marker of autoregulation for subsequent multivariate analyses.
Univariate analyses of factors potentially contributing to autoregulation (Sx) were performed with an a priori threshold of Po 0.1 for inclusion in the multivariate regression model. These variables included GA at the time of study session, hour of life, 5-min Apgar score, use of vasopressor support (as a binary variable), ABPs, closing margins and metrics of arterial carbon dioxide tension. Tests of normality (Shapiro-Wilk test) and constant variance were performed (P = 0.565 and P = 0.07, respectively). For inconsistently repeated measures, multiple linear regression with generalized estimation of equations was performed based on robust covariance matrix using the method proposed by Zeger and Liang 41 and the MATLAB toolbox kit published by Ratcliffe and Shults. 42 
RESULTS

Infant characteristics
Premature infants (n = 179) with GA 26.2 ± 2 weeks (mean ± s.d., range 23 to 33 weeks) and birth weight 824 ± 237 g had 1-h recordings of ABP and middle cerebral artery CBF velocity twice daily for 3 days and then daily for the next 4 days during the first week of life (median four recording sessions per subject). Of this cohort of patients, 96 (54%) were female, 127 (70%) were born by Cesarean section, 163 (91%) were exposed to antenatal steroids and 47 (26%) were from multiple gestation pregnancies. The Apgar scores (median, interquartile range) at 1 and 5 min were 4 (2-6) and 6 (5-7), respectively. A total of 172 (92%) of the infants survived to hospital discharge, with 3 deaths occurring outside of the initial monitoring period.
ABF and CBF velocity As previously described, we found significant relationships for increased ABP as GA increased. [43] [44] [45] Diastolic and systolic ABP increased with GA by 1.2 ± 0.1 mm Hg and 0.8 ± 0.1 mm Hg per week of gestation, respectively (r = 0.43 and 0.26; P o0.001 for both). Although diastolic ABP increased more than systolic ABP, there was little increase in diastolic CBF velocity compared with systolic CBF velocity. Diastolic CBF velocity increased by 0.1 ± 0.05 cm sec − 1 week − 1 of gestation while systolic CBF velocity increased by 0.8 ± 0.1 cm sec − 1 week − 1 gestation (r = 0.09 and 0.24; P = 0.003 and P o 0.001, respectively; Figure 2 ).
Pressure autoregulation and gestation
For the whole cohort across all recording sessions, the mean Sx was 0.20 ± 0.22 compared with a mean Dx of 0.45 ± 0.16 (Po 0.001 by paired t-test). With advancing GA, we observed a significant and obvious decrease in Sx, indicating improved regulation of systolic CBF velocity across changes in ABP (r = − 0.3, P o0.001). By contrast, Dx changed only slightly, albeit significantly as GA increased (r = − 0.06, P = 0.05; Figure 3 ). Variables included in the multivariate regression analysis.
Cerebrovascular pressure autoregulation in premature infants
Factors influencing pressure autoregulation in the premature infant We confirmed our observation that Sx decreased with advancing GA in a multivariate analysis of factors thought to influence pressure autoregulation. Hour of life showed a trend toward significance, and 5-min Apgar score was significantly associated with Sx, and both were included in the multivariate model. Use of vasopressor support showed a trend for worsening autoregulation that was not significant but was entered into the final model as a marker of provider perception of circulatory insufficiency. Neither systolic nor mean ABPs were associated with changes in Sx, but when ABP was normalized to CrCP, an increased closing margin (ABP − CrCP) was associated with higher Sx (r = 0.151, P o0.001). This means that a higher effective cerebral perfusion pressure was associated with worse autoregulation. Interestingly, comparing systole, mean and diastolic values, the diastolic closing margin (diastolic ABP − CrCP) was more prominently related to Sx (r = 0.2, Po 0.001). The direction was similar to that seen with the mean closing margin, as higher effective diastolic cerebral perfusion pressure was associated with worse autoregulation. As diastolic closing margin was most significantly related to Sx in univariate analyses of ABP measurements, it was the ABP measure that was included in the multivariate model.
Continuous intra-arterial carbon dioxide monitoring allowed us to examine the relationship between mean, maximum and fluctuations in arterial carbon dioxide tension on pressure autoregulation. Of these, only the fluctuations of arterial carbon dioxide tension were associated with Sx (r = 0.07; P = 0.06) and included in the multiple regression model.
Multivariate regression including all of these variables confirmed that both lower GA and higher diastolic closing margin were associated with dysautoregulation as defined by Sx; Table 2 . These findings demonstrate that the more premature the infant, the greater the likelihood for CBF to be dysautoregulated in systole. In addition, higher diastolic closing margin, indicating higher cerebral perfusion pressure, was associated with dysautoregulation.
DISCUSSION
These data demonstrate evidence for the development of cerebrovascular pressure autoregulation after the second trimester, between 23 and 33 weeks, in human premature infants. In this cohort, we observed an association between GA and intact cerebral autoregulation during systole. However, during diastole, these same infants had low diastolic ABPs and low or near absent diastolic CBF velocity and demonstrated dysautoregulation during diastole.
We observed that ABP is not predictive of the state of autoregulation in this cohort and show evidence that intersubject differences in the CrCP confound the assumption that ABP is a proxy for cerebral perfusion pressure. Previous studies of autoregulation in premature infants have used uncorrected ABP as a surrogate for cerebral perfusion pressure. When ABP was normalized to CrCP, rendering a 'closing margin,' or 'effective cerebral perfusion pressure,' we found a strong relationship between cerebral perfusion pressure and the state of autoregulation quantified by Sx. Interestingly, this relationship was in the opposite direction of our original hypothesis, which was that dysautoregulation in premature infants is associated with shock and hypotension. Rather, in this cohort, high cerebral perfusion pressure was associated with dysautoregulation.
With the present analysis, we have observed for the first time that when Doppler ultrasound is used to study autoregulation in premature infants, evaluation of the systolic phase of the cardiac cycle is more likely to demarcate optimal care strategies than evaluation of mean values across the cardiac cycle. Infants in our cohort demonstrated ability to autoregulate the surge of CBF velocity during systole before any apparent autoregulation of diastolic CBF velocity. We also confirm previous beliefs that ABP is a poor surrogate of cerebral perfusion pressure in premature infants and that diastolic closing margin may be a better marker of cerebral perfusion pressure in this population.
Although not the major focus of the study, we did examine the relationship between autoregulation and effective cerebral perfusion pressure. The importance of this finding may be questioned by the fact that the measurement used for determining CrCP is still somewhat investigative. There is no gold standard to measure CrCP, and measurements of CrCP are still subject to debate in various animal and human models. Clinically, the limitation of ABP to describe cerebral perfusion pressure becomes a conundrum, as there is no convenient or non-research method to derive CrCP. The association between elevated cerebral perfusion pressure and dysautoregulation should not prompt new management recommendations at this time, because dysautoregulation, by itself, is not a meaningful clinical outcome. Thus, if our novel findings can be replicated, then perhaps ABP − CrCP can be used as a more accurate marker of cerebral perfusion pressure.
The main limitation of the study is that previously published data were re-analyzed for the new variables of autoregulation and CrCP. On the other hand, the breadth and temporal resolution of the original data set from 179 premature infants during the first week of life is one of the largest ever collected with such high fidelity of physiological variables. Thus re-analysis of this robust data set using software that can capitalize on the quality of the data was warranted. Changes in practice may have occurred since the original data set was obtained, therefore the authors do not support new blood pressure management based on the data presented here. Finally, the need for high-quality resolution of systole and diastole resulted in some data dropout. Although the study was still adequately powered, unexpected bias may have been introduced by the data loss.
In conclusion, this study demonstrates for the first time the development of autoregulation in human premature infants between 23 and 33 weeks' gestation. Stark differences between systolic and diastolic CBF velocity autoregulation were seen with no evidence for autoregulation of diastolic CBF velocity in the premature infants of this cohort. Dysautoregulation of systolic CBF velocity was associated with both lower GA and higher effective cerebral perfusion pressure. These results are informative for future studies of autoregulation, effective cerebral perfusion pressure and neurocognitive outcomes in premature infants. 
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